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ABSTRACT 
The de tec t i on  o f  e x c i t e d  oxygen molecules and ozone molecules 
formed by sur face-cata lyzed oxygen atom recombinat ion and r e a c t i o n  was 
i n v e s t i g a t e d  by 1 ase r - i  nduced f 1 uorescence (LIF) , mol ecul  a r  beam mass 
spect rometr ic  (MBMS), and f i e l d  i o n i z a t i o n  ( F I )  techniques. The exper i -  
ments used p a r t i a l l y  d i ssoc ia ted  oxygen f lows from a microwave discharge a t  
pressures i n  the  range 60 t o  400 Pa (0.5 t o  3 t o r r )  o r  from an i n d u c t i v e l y  
coupled RF discharge a t  atmospheric pressure. The c a t a l y s t  ma te r ia l s  i n -  
ves t i ga ted  were n i c k e l  and the  react ion-cured g lass  (RCG) coa t i ng  used f o r  
Space S h u t t l e  reusable sur face i n s u l a t i o n  ( R S I )  t i t l e s .  
Nonrad ia t i ve  l oss  processes f o r  t he  l ase r -exc i ted  s ta tes  make L IF  
de tec t i on  o f  0, d i f f i c u l t  such t h a t  format ion o f  e x c i t e d  oxygen molecules 
cou ld  n o t  be detected i n  the  f l o w  from the  microwave discharge o r  i n  the  
gaseous products  o f  atom loss  on n i c k e l  o r  R S I .  L IF de tec t i on  o f  v ib ra -  
t i o n a l l y  e x c i t e d  (v=4,5,6) s ta tes  o f  0, molecules was achieved i n  the  f l o w  
f r o m  an atmospheric pressure RF discharge. 
MBMS experiments showed t h a t  ozone was a product  o f  heterogeneous 
0-atom loss  on n i c k e l  and R S I  surfaces a t  l o w  temperatures (300K) and t h a t  
ozone i s  l o s t  on these ma te r ia l s  a t  e levated temperatures. This  can occur 
by reac t i ons  of adsorbed 0-atoms on ly  i f  the  0-atom adsorp t ion  energies on 
the  c a t a l y s t s  a re  l ess  than 0.43 o f  t he  0-atom recombinat ion energy. The 
fo rmat ion  o f  ozone i s  thus cons is ten t  w i t h  the  small  0-atom recombinat ion 
energy accommodation c o e f f i c i e n t s  t h a t  have been demonstrated f o r  n i c k e l  
and i n f e r r e d  f o r  R S I ,  which a l so  r e q u i r e  l o w  values f o r  t he  0-atom adsorp- 
t i o n  energies. 
F i e l d  i o n i z a t i o n  ( F I )  was separa te ly  i n v e s t i g a t e d  as a method by 
which e x c i t e d  oxygen molecules may be conven ien t ly  detected. 
d i s s o c i a t i o n  decreases the  c u r r e n t  produced by f i e l d  i o n i z a t i o n  o f  t he  gas. 
This  was a t t r i b u t e d  t o  a g rea te r  e f f e c t  o f  0-atoms (whose i o n i z a t i o n  energy 
exceeds t h a t  o f  0,) than o f  e x c i t e d  0, molecules formed i n  the  microwave 
P a r t i a l  0, 
1 
discharge. Fu r the r  work would be needed t o  e s t a b l i s h  the  p o s s i b i l i t y  o f  FI 
de tec t i on  o f  e x c i t e d  0, molecules formed on TPS ma te r ia l s  a t  h igh  tempera- 
tures.  
- 
MBMS study o f  heterogeneous ozone fo rmat ion  prov ides a promis ing 
approach t o  f u r t h e r  i n v e s t i g a t e  the  k i n e t i c s  and energet ics  o f  0-atom reac- 
t i o n  a t  TPS surfaces. Ozone i s  an e a s i l y  detected produc t  species whose 
fo rmat ion  i s  poss ib le  on l y  when ca ta lyzed 0-atom loss  d e l i v e r s  l ess  than 
the  f u l l  0-atom recombinat ion energy t o  the  c a t a l y s t  surface. S i m i l a r i l y ,  
MBMS study o f  heterogeneous n i t r o u s  ox ide (N,O) fo rmat ion  i s  needed t o  
e s t a b l i s h  product  species and t o  i n v e s t i g a t e  t h e  energet ics  o f  surface- 
ca ta lyzed 0-atom reac t i ons  o f  p a r t i a l l y  d i ssoc ia ted  a i r .  
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I. INTRODUCTION 
Upon e n t r y  i n t o  the  atmosphere, t he  surfaces o f  a space v e h i c l e  
a re  heated by t h e  ho t  a i r  produced i n  the  bow shock i n  f r o n t  o f  t he  veh ic le .  
I f  peak dece le ra t i on  occurs a t  a h igh  a l t i t u d e ,  where the  ambient pressure 
i s  smal l ,  l o c a l  thermochemical e q u i l i b r i u m  i s  n o t  achieved i n  the  shock o r  
i n  the  thermal boundary l a y e r  between the  shock and the  v e h i c l e  surface. 
Energy t r a n s f e r  t o  the  v e h i c l e  sur face i s  then governed by the  i n t r i n s i c  
k i n e t i c s  o f  chemical and energy t r a n s f e r  processes. 
Heterogeneous oxygen atom recombinat ion i s  one o f  t he  more i m -  
p o r t a n t  processes by which re -en t ran t  space veh ic les  a re  heated. The 
k i n e t i c s  o f  atom recombinat ion on space s h u t t l e  thermal p r o t e c t i o n  system 
(TPS) mater i  a1 s have been i nves t i  gated i n  two ways. ’ Atom recombinat ion 
p r o b a b i l i t i e s  (y) have been determined from measurements o f  t he  o v e r a l l  
atom loss  as d i ssoc ia ted  oxygen and n i t rogen  were passed through a duct  
r e a c t o r  whose w a l l s  were made f r o m  the  TPS mater ia ls .  Large values o f  y 
were obtained. But TPS heat ing  ra tes  i n  d i ssoc ia ted  a i r  t h a t  a re  charac- 
t e r i s t i c  o f  poor recombinat ion c a t a l y s t s  have a l so  been measured2’3 i n  a rc  
j e t  experiments. These two experiments suggest t h a t  TPS mate r ia l s  are good 
atom recombinat ion c a t a l y s t s  t h a t  may produce h i g h l y  e x c i t e d  product  mole- 
cu les  t h a t  c a r r y  o f f  most o f  t he  recombinat ion energy. 
Low values o f  t he  recombinat ion energy accommodation c o e f f i c i e n t ,  
f 3 ,  f o r  recombining oxygen atoms have been demonstrated f o r  a v a r i e t y  o f  
m a t e r i a l s  by Mel in  and Madix.13 They found, f o r  example, t h a t  y = 0.017 
and f3 = 0.16 f o r  0-atom recombinat ion on n i c k e l  a t  room temperature. 
90% o f  t he  energy re leased by 0-atom recombinat ion on n i c k e l  remains as 
i n t e r n a l  energy o f  the  product  molecules and i s  no t  d e l i v e r e d  t o  the  n i c k e l  
c a t a l y s t .  
Thus, 
Studies o f  nonequ i l ib r ium e f f e c t s  on heat t r a n s f e r  r a t e s  du r ing  
Space S h u t t l e  e n t r y  o f  t he  atmosphere have been discussed by S ~ o t t . ~  Espe- 
c i a l l y  impor tan t  are measurements o f  heat ing  ra tes  f o r  h i g h l y  c a t a l y t i c  TPS 
3 
t i l e s .  5 ’ 6  I n  these experiments, h igh  temperature reusable sur face i nsu la -  
t i o n  (RSI )  t i l e s  were coated w i t h  a h i g h l y  c a t a l y t i c  ma te r ia l  (C742, an 
i ron-cobal t -chromia sp ine l )  a t  several  l oca t i ons  on the  Space S h u t t l e  sur- 
face. Elsewhere, t h e  normal reac t ion-cured  g lass  (RCG) coa t i ng  was used. 
The C742-coated t i l e s  d isp layed l a r g e r  heat ing  r a t e s  du r ing  space s h u t t l e  
e n t r y  o f  t he  atmosphere t o  con f i rm  t h a t  t he  RCG i s  indeed a poor c a t a l y s t  
and t h a t  nonequ i l ib r ium e f f e c t s  s i g n i f i c a n t l y  reduce the  sur face tempera- 
tu res  t h a t  occur. 
t he  0-atom and N-atom mass f r a c t i o n s  were bo th  approximately 0.2 a t  t he  
edge o f  t he  thermal boundary layer .  
These experiments were c a r r i e d  o u t  under cond i t i ons  t h a t  
The i n i t i a l  goals o f  t h i s  p r o j e c t  were t o  d i r e c t l y  de tec t  and 
study the  e x c i t e d  molecules produced by atom recombinat ion on TPS ma te r ia l s  
and o the r  ma te r ia l s ,  and t o  study the  processes by which these molecules 
are  quenched. Since the  d i s s o c i a t i o n  energy o f  0, i s  approximately h a l f  
t h a t  o f  N, 0-atoms achieve s i g n i f i c a n t  concentrat ions over a g rea te r  range 
o f  space v e h i c l e  re -en t r y  cond i t i ons  than do N-atoms. The emphasis o f  t h i s  
work was accord ing ly  on the  de tec t i on  and study o f  e x c i t e d  0, molecules. 
The c a t a l y s t  ma te r ia l s  i nves t i ga ted  were n i c k e l  and the  reac t i on -  
cured g lass  coa t ing  o f  Space S h u t t l e  t i l e s .  The product  molecules and - 
e x c i t e d  s ta tes  o f  p roduc t  molecules formed by heterogeneous 0-atom l o s s  on 
these ma te r ia l s  were i n v e s t i g a t e d  by laser- induced f luorescence (LIF) and 
molecular beam mass spectrometry. P a r t i a l l y  d i ssoc ia ted  oxygen was formed 
i n  these f l o w  system experiments by us ing  e i t h e r  a microwave discharge a t  
pressures i n  the  range 60 t o  400 Pa (0.5 t o  3 t o r r )  o r  an i n d u c t i v e l y  coupled 
RF discharge a t  atmospheric pressure. Attempts t o  operate the  RF discharge 
a t  reduced pressures were n o t  successful  due t o  excessive heat ing  o f  quar tz  
o r  alumina tubes used t o  con ta in  the  discharge. 
Exc i ted  oxygen molecules were n o t  produced i n  s u f f i c i e n t  q u a n t i t i e s  
f o r  L IF  de tec t i on  w i t h  the  microwave discharge technique o r  by atom loss  on 
n i c k e l  o r  R S I .  
r e s u l t e d  f r o m  nonrad ia t i ve  l oss  processes f o r  t he  l ase r -exc i ted  s ta tes .  
The h igh  de tec t i on  l i m i t  f o r  e x c i t e d  0, i n  these experiments 
4 
The concent ra t ion  o f  v i b r a t i o n a l l y  e x c i t e d  (v  = 4,5,6) s ta tes  o f  0, mole- 
cu les was s u f f i c i e n t  i n  the  experiments w i th  an RF discharge f o r  L IF detec- 
t i o n  v i a  l a s e r  e x c i t a t i o n  t o  t h e  0, B-state.  The pressure was too  l a r g e  i n  
these experiments f o r  observat ion o f  heterogeneous atom loss  a f f e c t s  and 
the  LIF spectrum was unchanged when R S I  was l oca ted  near the  p o i n t  a t  which 
L IF  was observed. 
Dur ing t h i s  work, i t  was recognized t h a t  t h e  energy balances f o r  
0-atom loss  on some mater ia ls13  a l l o w  produc t ion  o f  0, (ozone) f r o m  hetero- 
geneous 0 + 0, r e a c t i o n  i n  p a r t i a l l y  d i ssoc ia ted  oxygen and o f  N,O ( n i t r o u s  
oxide) from heterogeneous 0 + N, r e a c t i o n  i n  p a r t i a l l y  d i ssoc ia ted  a i r .  
The energy re leased by these reac t i ons  i s  l e s s  than t h a t  o f  0-atom recom- 
b ina t i on .  
t h e  small  energy accommodation c o e f f i c i e n t s  t h a t  have been observed f o r  
0-atom loss  on TPS and o the r  mater ia ls .  Molecular  beam mass spectrometry 
(MBMS) was t h e r e f o r e  used t o  i n v e s t i g a t e  ozone fo rmat ion  du r ing  0-atom loss  
on R S I  and n i c k e l  and t o  independent ly i n v e s t i g a t e  t h e  r a t e s  o f  0-atom l o s s  
on these mater ia ls .  The p a r t i a l l y  d i ssoc ia ted  oxygen f lows were formed by 
the  microwave discharge techniques. The r e s u l t s  showed t h a t  small  quant i -  
t i e s  o f  ozone were formed on n i c k e l  and R S I  a t  room temperature and t h a t  
ozone was l o s t  on the  c a t a l y s t  surfaces a t  e leva ted  temperature. However, 
atom l o s s  p r o b a b i l i t i e s  were s u f f i c i e n t  t o  produce d i f f u s i o n  l i m i t e d  0-atom 
l o s s  r a t e s  a t  t he  c a t a l y s t  surfaces. This  made the  r e s u l t s  i n s e n s i t i v e  t o  
the  gas-surface r e a c t i o n  ra tes  t o  produce 0, by 0-atom recombination and 0, 
by 0-atom r e a c t i o n  w i t h  0,. 
Formation o f  ozone and/or n i t r o u s  ox ide cou ld  thus c o n t r i b u t e  t o  
F i n a l l y ,  f i e l d  i o n i z a t i o n  ( F I )  was separa te ly  i n v e s t i g a t e d  as a 
method by which e x c i t e d  oxygen molecules cou ld  be conven ien t ly  detected. 
Exc i ted  molecule de tec t i on  was demonstrated i n  microwave discharge f l o w  
system experiments. This  technique has some promise f o r  bas ic  research on 
atom recombinat ion k i n e t i c s .  Much f u r t h e r  work would be needed t o  use i t  
f o r  d e t e c t i n g  e x c i t e d  molecules formed on TPS ma te r ia l s  a t  h igh  temperature. 
5 
I 
1E 
I 
The exper imental  i n v e s t i g a t i o n  o f  s p e c i f i c  e x c i t e d  molecules 
formed by oxygen-atom loss has proven t o  be very d i f f i c u l t  by the  methods 
employed i n  t h i s  work. 
scope o f  t h i s  work a re  f e a s i b l e  t h a t  would he lp  t o  understand the  k i n e t i c s  
o f  TPS heat ing  du r ing  space v e h i c l e  reent ry .  
i n v o l v e  MBMS de tec t i on  techniques i n  f l o w  systems operated a t  t he  gas pres- 
sures and c a t a l y s t  temperatures encountered du r ing  space v e h i c l e  reent ry .  
K i n e t i c  data on heterogeneous 0-atom loss  as w e l l  as O,, 0, and N,O produc- 
t i o n  may thus be obtained. Fur ther  development o f  t he  FI technique i s  
suggested t o  p rov ide  bas ic  r e s u l t s  on the  produc t  species formed by atom 
recombinat ion on model ma te r ia l s .  
However, a number o f  experiments t h a t  go beyond t h e  
Experiments a re  suggested t h a t  
11. PRODUCTS OF HETEROGENEOUS 0-ATOM LOSS 
Heterogeneous l o s s  o f  atomic oxygen may occur by r e a c t i o n  w i t h  
the  sur face,  by sur face-cata lyzed recombinat ion o f  0-atoms t o  form O,, and 
by sur face-cata lyzed r e a c t i o n  o f  0-atoms w i t h  o the r  gaseous species t o  f o r m  
gaseous products  o the r  than 0,. Since reac t i ons  o f  0-atoms are  u s u a l l y  
q u i t e  exothermic, e x c i t e d  oxygen and o ther  molecular product  species are 
poss ib le .  
Rates o f  atom recombinat ion and energy accommodation are con- 
v e n t i o n a l l y  repor ted  i n  terms o f  t h e  dimensionless recombinat ion p r o b a b i l i t y ,  
y, and the  recombinat ion energy accommodation c o e f f i c i e n t ,  p. y i s  t he  
p r o b a b i l i t y  t h a t  an atom which s t r i k e s  the  sur face w i l l  be emi t ted  as p a r t  
o f  an 0, molecule. p i s  t he  f r a c t i o n  o f  t he  molecular  d i s s o c i a t i o n  energy 
t h a t  i s  absorbed by the  surface when heterogeneous atom recombinat ion occurs. 
These parameters can be ca l cu la ted  from measurements o f  atom concent ra t ion  
a t  t he  entrance and e x i t  of a r e a c t o r  i n  which recombinat ion occurs, and 
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from energy balance measurements on the  surface. Me l i n  and Madix13 r e p o r t  
t he  f o l l o w i n g  values o f  y and p f o r  O-atom recombinat ion on several  metals 
and pyrex a t  ca. 300K (Table 1): 
TABLE 1 
O-ATOM RECOMBINATION AND ENERGY 
ACCOMMODATION COEFFICIENTS 
Energy Accommodation 
C o e f f i c i e n t ,  f3 Mater i a1 Probabi 1 i ty , x 
Ag 
Au 
co 
cu 
Fe 
N i  
P t  
W 
Pyrex 
A. Ozone and N i t rous  Oxide 
0.24 
0.008 
0.075 
0.015 
0.010 
0.017 
0.014 
0.013 
0.00013 
0.95 
0.17 
0.67 
0.30 
0.07 
0.16 
0.10 
0.09 
The assumption t h a t  sur face-cata lyzed loss  o f  O-atoms occurs v i a  
0, p roduc t ion  was made i n  the  c a l c u l a t i o n  o f  values f o r  p g iven i n  Table 1. 
But  i n  many cases, ozone (0,) was an e n e r g e t i c a l l y  poss ib le  product  of 
heterogeneous r e a c t i o n  i n  the  p a r t i a l l y  d i ssoc ia ted  oxygen used i n  the  
experiments from which these values were der ived. 
Table 2 presents  data about the  energet ics  o f  O-atom reac t i ons  t o  
produce 0, 0, and N,O. The maximum apparent va lue o f  t he  recombinat ion 
occurs i f  the  e n t i r e  energy o f  energy accommodation c o e f f i c i e n t ,  p 
t h e  associated r e a c t i o n  i s  absorbed a t  t he  c a t a l y s t  surface. 
values o f  p represent  the  maximum value t h a t  may be observed i f  the  g iven 
r e a c t i o n  i s  t he  p r i n c i p l e  mechanism o f  O-atom loss .  
max , app ’ 
These apparent 
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TABLE 2 
ENERGETICS OF O-ATOM LOSS PROCESSES 
React ion 
o + o = 0 2  
0 + 0, = 0, 
0 + N, = N,O 
AH;oo, kcal  /mol 
-119.1 
-25.5 
-40.0 
$,ax, app 
1.00 
0.43 
0.67 
Thus, i f  the  reporwed value o f  $ i n  0 0, mix tu res  i s  l e s s  th -n  
0.43, 0, o r  0, may be the  pr imary  product  o f  O-atom reac t ion .  I f  $ i s  re -  
po r ted  t o  be l e s s  than 0.67 i n  an 0 + N, mix ture,  o, o r  N,O may be the  p r i -  
mary product  o f  O-atom loss.  It can thus be seen from the  data i n  Table 1 
t h a t  ozone i s  an e n e r g e t i c a l l y  poss ib le  product  f o r  O-atom recombinat ion on 
Au, Cu, Fe, N i ,  P t ,  and W. S i m i l a r l y ,  oz.one and n i t r o u s  ox ide are  poss ib le  
products  o f  atom loss  on space veh ic le  TPS ma te r ia l s .  
B. Exc i ted  Oxygen Molecules 
P o t e n t i a l  energy curves g iven by Krupenie8 f o r  0, are reproduced 
i n  F igure  1. It may be seen t h a t  recombinat ion o f  ground s t a t e  (3P)  oxygen 
atoms can produce s i x  d i f f e r e n t  e l e c t r o n i c  s ta tes  of O,, f o r  which proper-  
t i e s  a re  g iven i n  Table 3.  s t a t e  
t h a t  have been c a l c u l a t e d  by Saxon and L ~ U . ~  These a re  the  s ta tes  t h a t  may 
be produced by (3P) O-atom recombination. Table 3 a lso  inc ludes  p r o p e r t i e s  
f o r  t he  w e l l  known B 32; s t a t e  o f  0,. 
The t a b l e  inc ludes  p r o p e r t i e s  f o r  t he  511 
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Figure 1 - Potent ia l  Energy Curves f o r  0,. From Krupenie.8 
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TABLE 3 
PROPERTIES OF 0, MOLECULES FORMED BY 
RECOMBINATION OF o ( 3 ~ )  ~ ~ 0 ~ ~ 8 - 1 0  
I n t e r n u c l e a r  P o t e n t i a l  
D is tance  Enerqy (v=O) Radi a t  i ve L i  f e t i me 
0.1208 nm 0.000 ev - 
0.1216 0.977 3880 s, a-X 
0.1227 1.626 
0.1517 4.049 
0.15 4.254 
0.1522 4.391 
0.20 4.88 
0.1604 
0.111 
5.115 
6.175 
12.08 
. .  
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12 S, b-X 
25-50 S, c(v=O-10)-X 
10-100 S, C(v=6, s1=2)-X 
5-50 s, C(V=O-6, S l ) - a  
160-250 ms, A(v=O-6)-X 
Emission spect ra have shown t h a t  microwave discharges can produce 
oxygen molecules i n  a v a r i e t y  o f  e l e c t r o n i c  and v i b r a t i o n a l  l e v e l s .  
observed i n  the  wake o f  a discharge emission f r o m  the  b y  c, C, and A s ta tes  
by us ing  a spectrograph equipped w i t h  an image i n t e n s i f i e r  tube. Emission 
o f  t he  Schumman-Runge bands by the  B s t a t e  i s  w e l l  knownY8 as i s  t h e  "dimole" 
emission11'12 from the  s ta te :  
SlangerlO 
2 O,(lAg) = 2 02(3t-)  + hu 
9 
Heterogeneous recombinat ion o f  O(3P) atoms can a l s o  produce var ious  e lec-  
t r o n i c a l l y  e x c i t e d  s ta tes  o f  0,. Harteck e t  a l .  ,14 r e p o r t  t h a t  0, (A 31u) 
i s  e f f i c i e n t l y  formed by 0-atom recombinat ion on a n i c k e l  surface. Kenner 
and O g r y z 1 0 ~ ~ ' ~ ~  have used t h i s  e f f e c t  t o  o b t a i n  k i n e t i c  data on 0, (A 'Z;) 
and 0, (c lt;) molecules. 
+ 
111. EXPERIMENTAL 
I n  t h i s  work, d ischarge f l o w  reac to r  techniques were used t o  
produce oxygen atoms. Laser-induced f luorescence (LIF),  molecular beam 
mass spectrometry (MBMS), and f i e l d  i o n i z a t i o n  ( F I )  were the  methods se- 
l e c t e d  f o r  d e t e c t i n g  e x c i t e d  molecules and the  products  o f  heterogeneous 
0-atom reaction on nickel and RSI. The partially dissociated and excited 
f lows of oxygen were formed by microwave discharges , atmospheric pressure 
RF discharges, o r  by f l o w i n g  0, gas over an e l e c t r i c a l l y  heated f i lament .  
A. Microwave Discharge Flow Reactor 
The microwave discharge f l o w  reac to r  i s  dep ic ted  i n  F igure  2, 
whose cap t ion  i d e n t i f i e s  the  r e a c t o r  components. A 2,450 MHz microwave 
discharge was operated t y p i c a l l y  a t  60 w i n  the  10 mm I D  discharge tube 
from which gases f lowed i n t o  a 7.6 cm I D  f l o w  tube. The quar tz  discharge 
tube was p e r i o d i c a l l y  t r e a t e d  w i t h  phosphor ic a c i d  t o  decrease w a l l  l oss  o f  
11 
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Gas Flaw+ 
Figure 2 - Side View o f  Flow Reactor. A - 2,450 MHz, 60 w microwave 
discharge; B - quartz f low tube; C - t i t r a t i o n  gas i n l e t ;  
E - atom recombination c a t a l y s t  or  heating element; F - 
power supply used f o r  heating metal specimens; G - CW CO, 
l a s e r  beam f o r  heating TPS mater ia ls .  
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atoms produced i n  the  discharge and increase the  atom concentrat ion.  Gas 
pressure i n  t h e  f l o w  tube was measured w i t h  an e l e c t r o n i c  manometer and 
t y p i c a l l y  mainta ined a t  0.5 t o  1.0 t o r r  by a 27 cfm mechanical pump. A 
t i t r a t i o n  gas i n l e t  a l lowed chemiluminescent t i t r a t i o n s  t o  measure atom 
concentrat ions v i a  the  O/NO, r e a c t i o n  and t o  measure N-atom concentrat ions 
v i a  t h e  N/NO reac t ion .  Flow v e l o c i t i e s  a t  t he  discharge tube exhaust were 
t y p i c a l l y  1,000 cm/s. 
The recombinat ion c a t a l y s t s  were i n  the  form o f  t h i n  w i res  o r  
r ibbons t h a t  cou ld  be e l e c t r i c a l l y  heated and were l oca ted  about 2 cm from 
the  exhaust o f  t he  discharge tube. Most o f  t he  experiments employed a 
n i c k e l  r i bbon  as the  recombinat ion c a t a l y s t ,  s ince  n i c k e l  i s  known t o  have 
a small  accommodation c o e f f i c i e n t  f o r  t he  energy re leased by O-atom recom- 
b i  n a t i  on. 
For experiments w i th  d i ssoc ia ted  0, gas, t he  gas m ix tu re  passed 
through t h e  discharge tube was t y p i c a l l y  0.5 t o  1.0 t o r r  argon t o  which 
0.05 t o  0.20 t o r r  oxygen was added. Oxygen-atom produc t ion  i n  the  d i s -  
charge v a r i e d  such t h a t  t y p i c a l  O-atom concentrat ions were 1014 t o  1015 cm 3, 
depending on t ime s ince  the  discharge tube was l a s t  t r e a t e d  w i t h  phosphor ic 
acid.  Th is  range inc ludes  an approximate two- fo ld  day-to-day v a r i a t i o n  i n  
atom produc t ion  t h a t  depended on t ime s ince the  discharge tube was l a s t  ex- 
posed t o  the  atmosphere. The O-atom concentrat ions measured by chemi 1 u- 
menscent t i t r a t i o n s  were checked by observing a l a rge  temperature inc rease 
i n  a s i l v e r  w i r e  recombinat ion c a t a l y s t  when the  microwave discharge was 
tu rned on. 
- 
The percentage o f  0, molecules d i ssoc ia ted  i n  the  discharge was 
never more than 30%. To o b t a i n  O-atom f lows t h a t  were s u b s t a n t i a l l y  f r e e  
o f  undissoc iated 0, n i t r o g e n  gas was passed through t h e  discharge and the  
r e s u l t i n g  N-atoms t i t r a t e d  w i t h  NO according t o  the  reac t ion :  
NO + N = N, + O  
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This  al lowed the  poss ib le  quenching e f f e c t s  o f  ground s t a t e  0, molecules t o  
be reduced i n  experiments t o  de tec t  e x c i t e d  0, molecules produced by 0-atom 
recombination. 
I n  a separate experiment, a t h i n  Kanthal heat ing  element was sub- 
s t i t u t e d  f o r  t he  recombinat ion c a t a l y s t  and e l e c t r i c a l l y  heated t o  about 
1500K f o r  l a s e r  induced f luorescence experiments on v i b r a t i o n a l l y  e x c i t e d  
0, mol ecul  es. 
The setup f o r  L IF  experiments i s  i l l u s t r a t e d  i n  F igure  3, whose 
cap t ion  i d e n t i f i e s  the  components. 
v ided ca. 15 ns pulses o f  r a d i a t i o n  w i t h i n  a 0.3 cm-l bandwidth i n  the  
wavelength range 217 nm t o  a t  l e a s t  700 nm, which was focused t o  ca. 0 . 1  cm 
diameter beam t h a t  passed through the  ana lys is  r e t i o n .  
e x c i t e d  molecules was c o l l e c t e d  by an F-5 supras i l  quar tz  lens,  passed 
through appropr ia te  f i l t e r s  and/or a 1/4 m monochromator onto a Hamamatsu 
R212 o r  R166 p h o t o m u l t i p l i e r  tube. The ou tpu t  o f  t he  p h o t o m u l t i p l i e r  was 
measured w i t h  an EG&G PAR model 162/165 boxcar averager. 
The Nd/YAG pumped dye l a s e r  system pro-  
Fluorescence from 
Rad ia t i ve  l i f e t i m e s ,  quenching ra tes ,  and ra tes  o f  o ther  nonradi-  
a t i v e  l oss  processes f o r  t he  e x c i t e d  s ta tes  o f  0, a re  n o t  w e l l  enough under- 
s tood t o  p r e d i c t  L IF  d e t e c t i o n  l i m i t s  f o r  t he  e x c i t e d  s ta tes  o f  0, o f  i n -  
t e r e s t  i n  t h i s  work. Therefore,  a number o f  exp lo ra to ry  experiments t o  
de tec t  these molecules were performed. The p a r t i c u l a r  t r a n s i t i o n s  pumped 
by the  l a s e r  and wavelengths a t  which f luorescence was monitored are  g iven 
i n  the  r e s u l t s .  These experiments were performed i n  the  wake o f  a n i c k e l  
r i bbon  atom recombinat ion c a t a l y s t  o r  a Kanthal r i bbon  heat ing  element t h a t  
was e l e c t r i c a l l y  heated t o  1500K as measured w i t h  an o p t i c a l  pyrometer and 
i n  the d i r e c t  ou tpu t  o f  t he  microwave discharge. 
The apparatus was t e s t e d  by measuring L IF  from NO and OH molecules. 
The NO was added t o  the  gas f l o w  i n  known amounts and the  OH molecules were 
produced by passing an Ar/O,/H, m ix tu re  through t h e  discharge o r  over a 
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Figure 3 - Top View of Flow Reactor and Laser-Induced Fluorescence 
Apparatus. E - atom recombination catalyst or heating 
element; H - Nd/YAG pumped dye laser system; I - laser 
beam steering device; J - Suprasil quartz windows; 
K - lens used to collect laser induced fluorescence; 
L - interference filter or 1/4 meter monochromator; 
M - photomultiplier; N - boxcar averager; P - laser 
trigger; Q - optical pyrometer. 
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platinum filament heated to about 1300K. 
X(v=O) transition was laser pumped at 225 nm and LIF detected on the A(v=O) + 
X(v=O to 8) transitions. 
the A(v=l) + X(v=O) transition at 282 nm and observing fluorescence from 
the A(v=l) + X(v=l) transition. 
In the NO experiments the A(v=O) 
The OH radicals were detected by laser pumping of 
B. Field Ionization System 
The apparatus for field ionization detection of excited molecules 
There were two basic parts to this sytem. One is illustrated in Figure 4. 
was a fast flow line for atom generation and the other was the field ioniza- 
tion tube, with its own vacuum system. The atom flow path is marked with 
arrows in the figure. The pressure in the atom flow line was about 1 torr 
and the pressure in the ionization tube was about torr. Gas flowed 
into the field ion tube via a small orifice in the glass atom line of about 
0.005 cm diameter. 
The field ionization tip radius was approximately cm. When 
operated at a potential of a few thousand volts, the electrical field was 
sufficient that molecules and atoms in the vicinity of the tip were ionized 
at a rate that depended on the ionization energy. Incident excited 0, 
molecules and O-atoms that recombined on the tip to form excited 0, mole- 
cules were detected because they produced ion currents at tip voltages 
lower than the voltage required to ionize ground state oxygen molecules. 
C. RF Discharge Flow Reactor 
Figure 5 is a side view of the inductively coupled RF discharge 
flow reactor. An Ar/O, plasma was driven by a 5 kW, 3 MHz RF power supply. 
TPS or other materials were placed in the flow to study the influence of 
heterogeneous atom recombination and excited molecule quenching on the 
vibrationally excited molecules that were present. An optical pyrometer 
was used to measure specimen temperature. 
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Apparatus for Field Ion Detection of Excited Molecules. 
A - 2,450 MHz microwave discharge; B -'glass f l o w  line 
for atom generation: orifice diameter ca. 0.005 cm; 
C - high voltage lead; D - "tip" assembly: brass flange 
with feed throughs, wire loop, and field emitter; E - t o  
oil diffusion pump and mechanical pump No. 1; F - to 
mechanical pump No. 2; G - 10 KV supply; H - Keithley 
electrometer; I - Schulz-Phelps pressure gauge; J - side 
arm for inserting nickel wire coil into the flow. 
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Figure 5 - Side View o f  the Plasma Discharge Apparatus 
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The f i g u r e  i l l u s t r a t e s  an experiment i n  which a 0.16 cm diameter 
alumina rod  was placed i n  t h e  flow, where i t  was heated t o  approximately 
1980K. LIF measurements were then obtained i n  the  wake o f  the  alumina rod. 
LIF measurements were a l s o  obtained from the  same l o c a t i o n  w i thout  the  
c a t a l y s t  m a t e r i a l  and w i t h  an R S I  specimen placed near the  l o c a t i o n  where 
LIF was produced. 
RF c o i l  and f l o w  tube design, ambient pressure, gas f l o w  ra tes ,  
and RF power were v a r i e d  t o  discover cond i t ions  under which s t a b l e  opera- 
t i o n  was poss ib le .  The i n i t i a l  experiments used a c losed quar tz  tube t h a t  
was operated a t  reduced pressures. 
the  plasma wi thout  m e l t i n g  the  quar tz  tube on ly  a t  minimum power i n  argon. 
However, i t  was then poss ib le  t o  operate 
Another d i f f i c u l t y  i n  operat ion o f  the  plasma i 
glow produced when the  plasma contacted the  quar tz  f l o w  
a f te rg low i n t e n s i t y  was s u f f i c i e n t  t o  prevent LIF de tec t  
molecules. 
ivolved an a f t e r -  
tube w a l l .  The 
on o f  e x c i t e d  0, 
Stable,  a f te rg low- f ree  plasma operat ing cond i t ions  were developed 
a t  atmospheric pressure, where the  f l o w  tubde d i d  n o t  immediately co l lapse 
when heated t o  the  so f ten ing  p o i n t  by the discharge. Careful  cen ter ing  o f  
t h e  i n n e r  f l o w  tube t h a t  c a r r i e d  oxygen gas i n  t h e  ou ter  tube t h a t  c a r r i e d  
argon gas was necessary. The gap between the  v i s i b l e  discharge and the  
quar tz  tube increased w i t h  the  length  o f  the expanded sec t ion  o f  the  oxygen 
f l o w  tube. A t  l e a s t  10 cm was appropr ia te f o r  t h i s  length.  The a f t e r g l o w  
cou ld  n o t  be avoided i f  the  f l o w  tube was a c c i d e n t a l l y  heated t o  t h e  
s o f t e n i n g  p o i n t  so t h a t  i t  sagged o r  became s l i g h t l y  d i s t o r t e d .  Best op- 
e r a t i o n  a t  atmospheric pressure was obtained when t h e  c o i l  was t i g h t l y  
wound on t h e  quar tz  f l o w  tube. For operat ion a t  reduced pressure i t  was 
bes t  t o  leave a gap between the  c o i l  and quar tz  tube. 
The o p t i c a l  system i s  i l l u s t r a t e d  i n  F igure 6. The l a s e r  beam 
passed through the  wake o f  the  discharge a t  a d is tance (as i l l u s t r a t e d  i n  
F igure 5) o f  about 5 cm above the center  o f  t h e  discharge. The plasma was 
a very in tense l i g h t  source which requ i red  c a r e f u l  design f o r  s t r a y  l i g h t  
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r e j e c t i o n ,  even a t  the  u l t r a v i o l e t  wavelengths used f o r  LIF experiments. 
The l i g h t  t r a p  and sh ie lds  w i t h  apertures i l l u s t r a t e d  i n  the f i g u r e  were 
adequate f o r  d e t e c t i n g  LIF a t  wavelengths below 350 nm. 
D. Molecular Beam Mass Spectrometric Apparatus 
I n  the  molecular beam sampling technique, . the gas t o  be sampled 
i s  drawn through a small o r i f i c e  i n  the  sampling probe and expanded t o  c o l -  
l i s i o n l e s s  f l o w  i n  a f r e e - j e t .  This f r e e - j e t  i s  then c o l l i m a t e d  i n t o  a 
molecular beam which i s  in t roduced i n t o  the  i o n  source o f  the  mass spectrom- 
e t e r .  Because the  f r e e - j e t  expansion produces an extremely r a p i d  drop i n  
temperature and pressure, thereby quenching the  sampled species, and because 
the  sampled gas does n o t  contact  any surfaces dur ing  sampling and mass 
spectrometr ic analys is ,  MBMS can be used t o  study unstable species ranging 
from f r e e  r a d i c a l s  t o  h igh  temperature oxides. Also, t h i s  technique i s  
capable o f  h igh  a n a l y t i c a l  p r e c i s i o n  s ince the  beam format ion process i s  
h i g h l y  reproducib le .  
The MBMS system used on t h i s  program i s  shown i n  F igure 7. The 
r e a c t i o n  gas was sampled through a 0.046 cm diameter o r i f i c e  i n  the  t i p  o f  
a 90-degree spun copper cone which was maintained a t  ambient temperature. 
The molecular beam was detected by a modi f ied E A 1  quadrupole mass spectrometer 
d i r e c t e d  i n  the  "cross-beam" mode as shown. The molecular beam was chopped 
by a r o t a t i n g  sector,  and phase s e n s i t i v e  d e t e c t i o n  employed t o  d i s c r i m i n a t e  
aga ins t  background gas i n  the  mass spectrometr ic stage and t o  improve the  
s ignal - to-noise r a t i o .  A l l  measurements were made us ing an i o n i z i n g  energy 
o f  50 ev. 
The f l o w  r e a c t o r  used f o r  the  MBMS experiments i s  shown i n  F igure 
The experiments were c a r r i e d  o u t  w i t h  the  R S I  specimen f i r s t  located a t  
The gas f l o w  was s t a b i l i z e d ,  the  
8. 
a d is tance about 2 cm from the  f l o w  ax is .  
RSI specimen was heated t o  the  temperature o f  i n t e r e s t  and the  0 and 0, 
i o n  i n t e n s i t i e s  measured w i t h  the  mass spectrometer. This establ ished t h e  
c o n t r i b u t i o n  o f  d i s s o c i a t i v e  0, i o n i z a t i o n  t o  the 0 i o n  i n t e n s i t y .  The 
+ + 
+ 
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Figure 7 - Molecular Beam Mass Spectrometric (MBMS) System 
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Figure 8 - Flow Reactor f o r  MBMS Experiments. A - Argon + oxygen 
gas f low;  B - 2,450 MHz,  60 w microwave discharge; 
C - 1 cm I D  quar tz  f l o w  tube, e x i t  loca ted  17 mm from 
the MBMS o r i f i c e ;  D - t o  vacuum pump; E - pyrex window 
f o r  o p t i c a l  pyrometry; F - R S I  specimen, edge he igh t  
approximately 0.5 cm; G - Kanthal w i r e  heat ing element; 
H - mechanical and e l e c t r i c a l  feedthroughs f o r  p o s i t i o n -  
i n g  and heat ing t h e  R S I  specimen; I - 0.046 cm diameter 
MBMS sampling o r i f i c e ;  J - approximately 0.10 cm diam- 
e t e r  f l o w  sampled by the MBMS o r i f i c e  t h a t  was assumed 
f o r  design c a l c u l a t i o n s  and d iscuss ion o f  r e s u l t s .  
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+ +  
microwave discharge was then turned on and s t a b i l i z e d ,  and the 0 , 0, and 
0, i o n  i n t e n s i t i e s  measured as the R S I  specimen was moved i n t o  the gas f l o w  
f r o m  the discharge tube. 
+ 
The R S I  specimens were semitransparent a t  t h e  wavelength, 0.66 pm, 
a t  which the  o p t i c a l  pyrometer operated. The apparent temperature o f  the 
Kanthal w i r e  heat ing element was measured by v iewing i t  w i t h  the  pyrometer 
through the  R S I  surface dur ing  the MBMS experiments. The R S I  surface tem- 
perature was determined w i t h  a thermocouple i n  separate c a l i b r a t i o n s  a t  the  
same apparent Kanthal w i r e  temperature. 
MBMS experiments were c a r r i e d  ou t  w i t h  R S I  specimens a t  tempera- 
tu res  up t o  600OC. Experiments w i t h  n i c k e l  c a t a l y s t s  used n i c k e l  f o i l  
c l o s e l y  wrapped over an R S I  sample. D i r e c t  e l e c t r i c a l  res is tance heat ing 
o f  the  n i c k e l  f o i l  was used f o r  experiments a t  e levated temperatures. The 
bottom edge o f  the  specimens was rounded f o r  R S I  and square f o r  n i c k e l .  
Flow r e a c t o r  pressure l i m i t s  f o r  the  MBMS experiments: The MBMS 
experiments were designed such t h a t  the  c a t a l y s t  could be placed s u f f i c i e n t l y  
c lose  t o  the  f l o w  sampled by the  MBMS o r i f i c e  t h a t  surface-catalyzed atom 
loss  cou ld  be observed. Also, f l o w  distances were minimized t o  avoid d i f -  
f u s i v e  mix ing  o f  ambient gas w i t h  t h a t  f low ing  from the  discharge t o  the  
MBMS o r i f i c e .  Two c r i t e r i a  i n v o l v i n g  gas d i f f u s i o n  and f l o w  t imes are 
discussed below t h a t  were thus used t o  choose f l o w  r e a c t o r  operat ing con- 
d i t i o n s .  These c r i t e r i a  invo lve  f l o w  times f i x e d  by the  dimensions and 
pumping r a t e s  o f  the system and d i f f u s i o n  times t h a t  depended on the  dimen- 
s ions and reac tor  pressure. The f l u i d  f l o w  model used f o r  these analyses 
assumed a c y l i n d r i c a l  f l o w  f i e l d  w i t h i n  which the mass f l o w  from the  d i s -  
charge equaled t h a t  through the  MBMS o r i f i c e ,  as i s  i l l u s t r a t e d  i n  F igure 8. 
The average f l o w  v e l o c i t y  a t  the  e x i t  o f  the  discharge tube was 
u = 1,970 cm/sec as determined by the measured gas f l o w  r a t e  a t  a r e a c t o r  
pressure o f  4,000 Pa (3.0 t o r r )  and the discharge tube diameter. The f l o w  
v e l o c i t y  a t  the center  o f  the discharge tube was tw ice  t h i s  value due t o  
laminar f l o w  from the  discharge tube. The d is tance f r o m  the discharge tube 
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'I e x i t  t o  the  MBMS o r i f i c e  was 1.7 cm so t h a t  the  discharge tube t o  MBMS f l o w  
t ime was t = 0.43 ms. 
R S I  specimen edge was tl = 0.13 ms. 
The t i m e  requ i red  f o r  gas f l o w  pas t  the 0.5 cm h igh  
The vo lumetr ic  sampling r a t e  o f  the  MBMS system was c a l c u l a t e d  
assuming choked f low a t  the  MBMS o r i f i c e .  This equaled the  f l o w  o f  gas 
d e l i v e r e d  by a 0.10-cm diameter c y l i n d r i c a l  sec t ion  o f  the f l o w  from the 
discharge tube as i s  i n d i c a t e d  i n  F igure 8. This diameter and the d i s -  
charge tube diameter s e t  the  d i f f u s i o n  distances used t o  choose r e a c t o r  
operat ing pressures. 
The upper l i m i t  on r e a c t o r  pressure was obtained by r e q u i r i n g  
t h a t  the  d is tance,  x ' ,  t h a t  molecules would d i f f u s e  i n  the t ime t '  f o r  gas 
f l o w  pas t  t h e  R S I  specimen, exceeded the  sampled f l o w  diameter, i . e . ,  t h a t  
X I  = ( D t ' ) 0 ' 5  > 0.10 cm ( 3 )  
This  c r i t e r i o n  ensured t h a t  most o f  t h e  0-atoms i n  t h e  gas sampled by the  
MBMS system would i n t e r a c t  w i t h  the  recombination c a t a l y s t  when the  c a t a l y s t  
i s  loca ted  next  t o  the  sampled gas f low. With a d i f f u s i o n  c o e f f i c i e n t  f o r  
0-atoms i n  argon approximately D = 200/P(torr) cm2/sec, a t  300K, we obtained 
P < 2.6 t o r r  from t h i s  c r i t e r i o n .  
The lower l i m i t  on r e a c t o r  pressure r e s u l t e d  f r o m  t h e  requ i remen t  
t h a t  ambient gas molecules n o t  d i f f u s e  i n t o  the  sampled f l o w  i n  the  t ime, 
t, f o r  gas f l o w  from the  discharge tube t o  the  MBMS o r i f i c e .  The d is tance,  
x, t h a t  these contaminant molecules would have t o  d i f f u s e  i s  h a l f  the  d i f -  
ference between the  discharge tube and sampled gas f l o w  diameters, i . e. , 
x = ( D t ) O e 5  < 0.45 cm (4) 
From t h i s  requirement we obtained a lower l i m i t  on t h e  r e a c t o r  pressure,  
P > 0.5 t o r r .  
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The c r i t e r i a  g iven above are  approximate. A more exact analys is  
would account f o r  gas heat ing by the  h o t  R S I  sample, and pressure dependent 
r e a c t o r  pumping speed. The main e f f e c t  o f  gas heat ing would be t o  increase 
the  d i f f u s i o n  c o e f f  
increase o f  bo th  o f  
t h a t  reac tor  operat  
t o  atom l o s s  a t  t h e  
gas f l o w  from the  I 
c i e n t  f o r  oxygen atoms i n  argon, which would lead t o  an 
the  pressure l i m i t s  c a l c u l a t e d  above. I t  was concluded 
on a t  a pressure o f  3 t o r r  would a l l o w  good s e n s i t i v i t y  
R S I  specimen and t h a t  l i t t l e  mix ing between the  sampled 
ischarge tube and ambient gas molecules would occur a t  
the  R S I  temperatures (up t o  900K) achieved i n  the  experiments. 
I V .  RESULTS 
A. Laser-Induced Fluorescence Experiments 
LIF was e a s i l y  observed from NO molecules. The minimum detect -  
ab le  concentrat ion o f  s p e c i f i c  r o v i b r o n i c  s ta tes  o f  NO molecules was about 
2 x 109 cm-3. 
Nonradiat ive loss  o f  the  e x c i t e d  NO molecules produced by the  
l a s e r  may be neglected so t h a t  the  i n t e n s i t y  o f  LIF i n  the  experiments w i t h  
NO i s  g iven by: 
I = n f V e  (5)  
where I i s  i n  photons detected per  l a s e r  pulse, n i s  the  concentrat ion o f  
molecules i n  the  p a r t i c u l a r  r o v i b r o n i c  s t a t e  pumped by t h e  laser ,  f i s  the  
f r a c t i o n  o f  these molecules t h a t  i s  e x c i t e d  by the  l a s e r  pulse,  and V i s  
the  volume (ca. cm3) from which LIF was c o l l e c t e d  w i t h  an e f f i c i e n c y ,  
e. The value o f  e was approximately 5 x w i t h  an F-5 lens,  20% mono- 
chromator t ransmission, 10% quantum e f f i c i e n c y  f o r  t h e  p h o t o m u l t i p l i e r ,  and 
w i t h  about 10% o f  the  emi t ted LIF w i t h i n  the  detected bandwidth. The l a s e r  
i n t e n s i t y  was s u f f i c i e n t  t o  sa tura te  the  NO A + X t r a n s i t i o n  so t h a t  f = 
1/2. Thus, we o b t a i n  a minimum detectable i n t e n s i t y  approximately equal t o  
5 photons per  l a s e r  pulse. 
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Table 4 l i s t s  t h e  t r a n s i t i o n s  used t o  at tempt de tec t i on  o f  e lec-  
t r o n i c a l l y  e x c i t e d  oxygen molecules i n  the  products  o f  0-atom recombinat ion 
on n i c k e l  w i t h  t h e  microwave discharge f l o w  r e a c t o r  system. The LIF i n -  
t e n s i t y  i n  these experiments was below the  de tec t i on  l i m i t s .  Exc i ted  0, 
d e t e c t i o n  was a l so  unsuccessful i n  the  gases produced by the  microwave 
discharge when the  n i c k e l  c a t a l y s t  was no t  used. 
Table 5 l i s t s  the  t r a n s i t i o n s  used t o  a t tempt  de tec t i on  o f  v ib ra -  
t i o n a l l y  e x c i t e d  oxygen molecules i n  oxygen a t  100 t o r r  and T = 1500K i n  
the  v i c i n i t y  o f  a h o t  Kanthal f i l ament .  The v=4,5 molecules were detected 
by l a s e r  e x c i t a t i o n  t o  the  B s t a t e  b u t  no t  by e x c i t a t i o n  t o  the  A s ta te .  
The concent ra t ion  o f  0, X(v=5) molecules was j u s t  s u f f i c i e n t  f o r  de tec t ion .  
The v=3 s t a t e  was no t  detected because the  B(v=O) +- X(v=3) t r a n s i t i o n  was 
the  on ly  one a v a i l a b l e  w i t h i n  the  lower wavelength l i m i t  o f  the  l ase r ,  and 
t h i s  t r a n s i t i o n  i s  very  weak compared t o  those used t o  de tec t  v=4,5 molecules. 
An example o f  L IF spectrum taken o f  t he  X(v=4) l e v e l  i s  presented i n  F igure  9. 
F igures 10 and 11 present  L IF spect ra obta ined v i a  the  B - X 31- 
g 
t r a n s i t i o n s  w i t h  the  RF discharge f l o w  reac tor .  Peaks a r i s i n g  from l a s e r  
e x c i t a t i o n  o f  d i f f e r e n t  r o t a t i o n a l  l e v e l s  o f  t he  v=4,5,6 v i b r a t i o n a l  l e v e l s  
o f  t he  0, ground s t a t e  a re  i d e n t i f i e d  i n  the  f i g u r e s .  The i n t e n s i t i e s  o f  
v=6 l i n e s  a re  s u f f i c i e n t  t h a t  i t  i s  l i k e l y  t h a t  e x c i t a t i o n  o f  v=7 and v=8 
molecules c o n t r i b u t e  some o f  t he  u n i d e n t i f i e d  weak l i n e s .  
Spectra obta ined w i t h  the  RF discharge f l o w  r e a c t o r  d isp layed 
r e l a t i v e  i n t e n s i t i e s  f o r  d i f f e r e n t  v i b r a t i o n a l  l e v e l s  t h a t  d i d  n o t  change 
when the  alumina r o d  o r  R S I  specimen was p laced i n  the  f low.  I t was con- 
c luded t h a t  the  gas pressure i n  these experiments (one atmosphere) was too  
l a r g e  f o r  de tec t i on  o f  molecules produced by heterogeneous atom recombina- 
t i o n .  Also,  i t  appeared t h a t  heat t r a n s f e r  t o  these specimens d i d  n o t  
produce a change i n  the  gas temperature s u f f i c i e n t  t h a t  a change i n  v ib ra -  
t i o n a l  popu la t ions  cou ld  be detected. 
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TABLE 4 
T R A N S I T I O N S  USED I N  L I F  EXPERIMENTS ON ELECTRONICALLY EXCITED 0, 
S ta te  t o  be 
Detected Laser E x c i t a t i o n  
a 1A A + a (3,O) - 340 nm 
A + a (4,O) - 333 nm 
A + a (5,O) - 326 nm 
A +- a (6,O) - 319 nm 
A + a (7,O) - 314 nm 
A + a (3-7,0) 
A + a (3-7,O) 
9 
C 3Au 
A 32i 
C + a (4,O) - 343 nm 
C + a (5,O) - 336 nm 
C +- a (6,O) - 330 nm 
C + a (7,O) - 324 nm 
C + a ( 8 , O )  - 318 nm 
C + a (9,O) - 313 nm 
C + a (4-9,0)  
c + a (4-9,0) 
F1 uorescence 
A + X ( 3 , 4 )  - 321 nm 
A + X (4 ,4 )  - 314 nm 
A + X (5 ,3 )  - 294 nm 
A -+ X (6 ,2)  - 277 nm 
A + X (7 ,2)  - 273 nm 
A + X ( 0 , 8 )  - 431 nm (1) 
c .+ X (0 ,6 )  - 422 nm 
C + X ( 4 , 3 )  - 308 nm 
C + X ( 5 , 2 )  - 289 nm 
C + X ( 6 , 2 )  - 284 nm 
C + X ( 7 , l )  - 268 nm 
C + X ( 8 , l )  - 264 nm 
C + X (9,O) - 251 nm 
C -+ X ( 0 , 8 )  - 444 nm (1)  
c + X (0 ,6 )  - 422 nm (2)  
c + a (5,O) - 353 nm c + X (5 ,7 )  - 387 nm 
c + a (6,O) - 345 nm c + X (6 ,7)  - 378 nm 
c + a (7,O) - 339 nm c + X (7 ,7 )  - 370 nm 
c + a (8,O) - 333 nm c + X ( 8 , 7 )  - 363 nm 
c + a (9,O) - 327 nm c + X ( 9 , 4 )  - 309 nm 
c + a (10,O) - 322 nm c + X (10 ,4)  - 305 nm 
c + a (5-10,O) c + X ( 0 , 6 )  - 422 nm (1 )  
B +- c (0,O) - 599 nm B + X (0 ,13)  - 323 nm 
B + c (1,O) - 575 nm B -+ X (1 , lO) - 282 nm 
B + c (2,O) - 554 nm B + X (2 ,9 )  - 266 nm 
B + C (0,O) - 665 nm B .+ X (0,13) - 323 nm 
B + C ( 1 , O )  - 636 nm B + X (1,lO) - 282 nm 
B +- C (2,O) - 610 nm B + X ( 2 , 9 )  - 266 nm 
B + C (3,O) - 587 nm B + X ( 3 , 7 )  - 244 nm 
B + C (4,O) - 566 nm B + X ( 4 , 7 )  - 241 nm 
B + A (0,O) - 697 nm B + X (0 ,13 )  - 323 nm 
B + A ( 1 , O )  - 665 nm B + X (1,lO) - 282 nm 
B + A (2,O) - 637 nm B + X ( 2 , 9 )  - 266 nm 
B + A (3,O) - 612 nm B + X ( 3 , 7 )  - 244 nm 
B + A (4,O) - 590 nm B + X ( 4 , 7 )  - 241 nm 
B +- A (5,O) - 570 nm B + X (5 ,6 )  - 229 nm 
(1) Tests f o r  v i b r a t i o n a l  quenching o f  t he  l ase r -exc i ted  species. 
(2)  Tests f o r  quenching o f  t he  l ase r -exc i ted  species i n t o  the  c l2; s ta te .  
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TABLE 5 
TRANSITIONS USED I N  L IF EXPERIMENTS ON VIBRATIONALLY EXCITED 
0, THAT USED LASER EXCITATION TO THE A AND B STATES 
State t o  be 
Detected Laser E x c i t a t i o n  F1 uorescence 
x 32- (v=3) B + X (0,3) - 223 nm B + X (0,12) - 311 nm 
B + X (0,3) - 223 nm B -3 X (0,13) - 323 nm g 
x 32- (v=4) B + X (2,4) - 224 nm B -3 X (2,8) - 257 nm 
g 
x 31- (v=5) B + X (5,5) - 222 nm B + X (5,lO) - 263 nm 
!3 
x 3 2 -  (v=2) A + X (5,2) - 282 nm 
A + X (5,2) - 282 nm A -3 X (0,8) - 431 nm (1) 
A + X (5,2) - 282 nm c + X (0,6) - 422 nm (2) 
A + X (5,3) - 295 nm 
A + X (5,3) - 295 nm A -+ X (0,8) - 431 nm (1) 
A + X (5,3) - 295 nm c -3 X (0,6) - 422 nm (2) 
A -3 X (5,7) - 355 nm 
9 
x 32- (v=3) A -+ X (5,7) - 355 nm 
9 
Y A + X (5,4) - 308 nm A 
A + X (5,4) - 308 nm C 
x 31: (v=4) A + X (5,4) - 308 nm A -+ X (5,7) - 355 nm 
+ X (0,8) - 431 nm (1) 
-3 X (0,6) - 422 nm (2) 
(1) Tests f o r  v i b r a t i o n a l  quenching o f  t he  exc 
(2) Tests f o r  quenching o f  the  exc i ted  species 
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i n t o  the  c lIi s t a t e .  
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Table 6 p resents  t h e  r e l a t i v e  popu la t i ons  c a l c u l a t e d  f o r  t h e  
v=3,4,5 v i b r a t i o n a l  l e v e l s  o f  t h e  ground e l e c t r o n i c  s t a t e  o f  oxygen a t  
va r ious  temperatures. A t  most, 3 . B  o f  t h e  molecules i n  t h e  v=4 o r  v=5 
v i b r a t i o n a l  l e v e l s  o f  0, a re  i n  one o f  t h e  r o v i b r o n i c  s t a t e s  e x c i t e d  by t h e  
l a s e r .  Since t h e  concen t ra t i on  o f  v=5 molecules was j u s t  s u f f i c i e n t  f o r  
d e t e c t i o n  a t  1500K and an oxygen pressure  equal t o  100 t o r r ,  we ob ta ined  a 
minimum de tec tab le  concen t ra t i on  f o r  s p e c i f i c  r o v i b r o n i c  s t a t e s  o f  0, equal 
t o  1.1 x 1013 cm by L IF  f rom t h e  B-state.  T h i s  i s  about 5,500 t imes 
l a r g e r  than  t h e  d e t e c t i v i t y  f o r  NO molecules. 
- 
TABLE 6 
RELATIVE VIBRATIONAL LEVEL POPULATIONS OF THE 
OXYGEN X STATE VERSUS TEMPERATURE 
v = l  
v = 2  
v = 3  
v = 4  
v = 5  
v = 6  
v = 7  
v = 8  
v = 9  
v = 10 
300K 
0.000572 
3.6E-07 
2.6E-10 
2.1E-13 
1.9E-16 
1.7E-20 
1.9E-23 
2.4E-26 
3.3E-29 
5.2E-32 
1500K 
0.174 
0.0400 
0.00939 
0.00226 
0.000555 
0.000139 
0.000036 
9.3E-06 
2.5E-06 
7.OE-07 
3000K 
0.247 
0.118 
0.0574 
0.0281 
0.0139 
0.00699 
0.00354 
0.00181 
0.000939 
0.000492 
I n  c o n t r a s t  t o  L IF  d e t e c t i o n  o f  NO molecules, L IF  d e t e c t i o n  o f  0, 
i s  dominated by n o n r a d i a t i v e  l o s s  o f  t h e  l a s e r - e x c i t e d  s t a t e .  Equat ion 5 
may then be w r i t t e n :  
I = n f V e A/(A + Qnr) (6) 
where A i s  t h e  r e c i p r o c a l  o f  t h e  r a d i a t i v e  l i f e t i m e  f o r  t h e  l a s e r - e x c i t e d  
s t a t e  and Qnr i s  t h e  r a t e  o f  e x c i t e d  s t a t e  l o s s  by n o n r a d i a t i v e  processes. 
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Nonradiat ive l o s s  o f  the 0, B-state occurs because t h i s  s t a t e  i s  
predissoc iated.  That i s ,  B-s tate molecules d i s s o c i a t e  w i t h i n  a few p ico-  
seconds a f t e r  they are formed because the  B-state p o t e n t i a l  energy curve 
crosses r e p u l s i v e  p o t e n t i a l  energy curves a r i s i n g  from ground s t a t e  0-atoms 
( c f .  F igure 1). The l a s e r  i n t e n s i t y  was s u f f i c i e n t  t o  sa tura te  the 
B (v=5) + X (v=5) t r a n s i t i o n .  Since the  B-state predissoc iates i n  a t ime 
much less  than the  l a s e r  pu lse  durat ion,  v i r t u a l l y  a l l  o f  t h e  lower s t a t e  
0, molecules were pumped t o  the  upper s ta te.  The appropr ia te value f o r  f 
is there fore  1.0 (compared w i t h  f = 1/2 f o r  NO). 
o f  Qnr/A i n  Equation 4 i s  about 11,000. 
the  known values o f  the  l i f e t i m e s ,  i . e . ,  a f e w  picoseconds f o r  predissoc ia-  
t i o n  and a few tens o f  nanoseconds f o r  r a d i a t i o n .  
It f o l l o w s  t h a t  the value 
This r e s u l t  i s  cons is ten t  w i t h  
The minimum detectable concentrat ion o f  a s p e c i f i c  r o v i b r o n i c  
s t a t e  o f  O,, v i a  LIF from the  0, B-state i s  thus,  i n  these experiments, 
about 1013 cm 3. This  expla ins why e l e c t r o n i c a l l y  e x i c t e d  0, molecules 
were n o t  detected i n  the products o f  atom recombination. The 0-atom con- 
c e n t r a t i o n  was a t  most 1015 cm 3. Not a l l  o f  the atoms recombine and the  
recombination products w i l l  be d i s t r i b u t e d  among several e l e c t r o n i c  and 
v i b r a t i o n a l  s ta tes  o f  0,. A l s o ,  a maximum o f  about 3% o f  the  molecules i n  
any s p e c i f i c  v i b r a t i o n a l  s t a t e  are i n  a given r o v i b r o n i c  s t a t e  e x c i t e d  by 
the  laser .  Thus, the  concentrat ion o f  e x c i t e d  molecules produced by atom 
recombination could no t  be s u f f i c i e n t  f o r  detect ion.  
- 
- 
Inadequate s e n s i t i v i t y  f o r  L I F  de tec t ion  o f  0, v i a  e x c i t a t i o n  t o  
t h e  0, c,  C, and A s ta tes  i s  a lso  a t t r i b u t e d  t o  nonrad ia t i ve  loss  o f  t h e  
l a s e r  e x c i t e d  molecules and a lso  t o  values o f  f much l e s s  than u n i t y  due t o  
small  absorpt ion c o e f f i c i e n t s  f o r  t r a n s i t i o n s  t o  these s tates.  The most 
favorable case would seem t o  be f o r  l a s e r  e x c i t a t i o n  t o  the  A-state and LIF 
d e t e c t i o n  o f  A + X emission. I n  t h i s  case, the  value o f  A i n  Equation 4 i s  
about 6 s 
- 
and the  value o f  Qnr i s  g iven by: 
- 
Qnr - kq, i  "i (7)  
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where k and n. are the  c o l l i s i o n a l  quenching r a t e  constants and concen- 
t r a t i o n s  f o r  t h e  var ious species t h a t  quench emission from t h e  0, A-state. 
Values o f  k 
are g iven i n  Table 7. 
t h e  absence o f  detectable LIF from A-state molecules i n  our experiments. 
Since the  quenching r a t e  i s  p ropor t iona l  t o  the  0-atom o r  0,-molecule 
concentrat ion,  as i s  the  number o f  l a s e r  e x c i t e d  species, the  LIF i n t e n s i t y  
w i l l  depend on concentrat ion on ly  when quenching i s  n o t  the  dominant A-state 
l o s s  process. Therefore, experiments a t  h igher pressures would n o t  improve 
the  s e n s i t i v i t y  o f  t h i s  method f o r  LIF de tec t ion  o f  0, molecules. 
q , i  1 
q , i  
repor ted by Kenner and O g r y z 1 0 ~ ~ ’ ~ ~  and Slanger e t  a1 . ,16 
These r a t e  constants are l a r g e  enough t o  account f o r  
B. F i e l d  I o n i z a t i o n  Experiments 
Pre l im inary  t e s t i n g  o f  the f i e l d  i o n i z a t i o n  apparatus was c a r r i e d  
ou t  by opera t ing  the  t i p  a t  a f i x e d  vo l tage and t u r n i n g  the  microwave d i s -  
charge on and o f f .  The f o l l o w i n g  t y p i c a l  values f o r  the  f i e l d  i o n  cur ren t ,  
j, were obtained a t  an app l ied  vo l tage o f  2,700 v: 
Atoms o f f :  j = 1.35 x amp 
Atoms on: j = 1.60 x amp 
This  r e s u l t  i n d i c a t e d  t h a t  the  f i e l d  i o n i z a t i o n  c u r r e n t  may be 
responding t o  the  presence o f  atoms and e x c i t e d  molecules i n  the  f l o w  f r o m  
the  discharge. However, subsequent exper iments w i t h  v a r i a b l e  and l a r g e r  
values f o r  t h e  app l ied  vo l tage gave more complex behavior. 
When the  discharge was turned on, a l a r g e  c u r r e n t  was measured a t  
zero vo l tage app l ied  t o  the  f i e l d  i o n i z a t i o n  apparatus. This c u r r e n t  was 
apparent ly  due t o  c o l l e c t i o n  o f  e lec t rons  i n  t h e  f l o w  from the  discharge. 
I t decreased t o  zero as the  vo l tage was increased, a f t e r  which an increase 
due t o  f i e l d  i o n i z a t i o n  o f  neut ra l  molecules could be observed. F igure 12 
presents p l o t s  o f  the  current -vo l tage curves w i t h  t h e  discharge on and o f f  
i n  the reg ion  o f  h igher app l ied  vol tages a t  which f i e l d  i o n i z a t i o n  occurred. 
I n s e r t i o n  o f  a n i c k e l  c o i l  i n t o  the f l o w  from the  discharge produced a r e s u l t  
e s s e n t i a l l y  the  same as when the  discharge was o f f .  
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TABLE 7 
RATE CONSTANTS FOR QUENCHING OF FLUORESCENCE FROM 
0, A 3Z: AND c lZi 
Quenched Quenching 
S t a t e  Species 
c (v  = 0) 0 2  
O2(a 'Ag) 
o ( 3 p )  
A r  
A 
A (v=8) 02 
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Quenching 
Rate cons tan t  
(cm 3 s l) 
3 x 10-14 
5.9 x 10-12 
6.0 x 
6 x 
2.9 x 10-13 
0.9 x 10-11 
8.6 x 
1 . 3  x 10-13 
8 . 1  x 
1.3 x 
7.2 x 
> 8 x 
Reference 
16 
16 
16 
16 
17 
17 
17 
16 
16 
16 
16 
15 
I I 
Discharge Off - //- 
#. /
I 
I I I 
3 000 4000 5000 
Field Ionizer Voltage, Volts 
F igure 12 - F i e l d  I o n i z a t i o n  Currents i n  Oxygen and P a r t i a l l y  Dissoc iated 
Oxygen a t  High Values o f  the  Appl ied Voltage 
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C. Molecular Beam Mass Spectrometric Experiments 
+ 
F igure 13 shows the  v a r i a t i o n  o f  0 i o n  i n t e n s i t y  w i t h  RSI speci- 
men p o s i t i o n  r e l a t i v e  t o  an a x i s  through the  MBMS o r i f i c e  f o r  experiments 
c a r r i e d  ou t  a t  a pressure o f  133 Pa (1.0 t o r r )  and f o r  specimen temperatures 
o f  300 and 900K k 50K. The MBMS o r i f i c e  l o c a t i o n  was determined t o  f 1 mm 
i n  these experiments b u t  remained constant t o  about f 0 . 1  mm between exper i -  
ments. The value measured f o r  the O+ i o n  i n t e n s i t y  when the RSI specimen 
blocked d i r e c t  f l o w  from the  discharge tube t o  the  MBMS o r i f i c e  equaled 
t h a t  obtained from d i s s o c i a t i v e  i o n i z a t i o n  o f  0, when the  discharge was 
turned o f f .  
+ + 
Figures 14 t o  1 6  present the  v a r i a t i o n s  o f  O+,  O,, and 0, i o n  
i n t e n s i t i e s  w i t h  RSI specimen p o s i t i o n  f o r  experiments a t  a pressure o f  
400 Pa (3.0 t o r r )  and RSI specimen temperatures equal t o  300 f 50K. These 
data w e r e  measured r e l a t i v e  t o  the A r  i o n  i n t e n s i t y ,  which served as an 
i n t e r n a l  standard t o  account f o r  small v a r i a t i o n s  i n  MBMS s e n s i t i v i t y  w i t h  
gas temperature as the  RSI p o s i t i o n  was changed. The 0' i n t e n s i t i e s  w e r e  
cor rec ted  f o r  d i s s o c i a t i v e  i o n i z a t i o n  o f  0, molecules. Figure 17 presents 
the  v a r i a t i o n  o f  O+ i o n  i n t e n s i t y  w i t h  the p o s i t i o n  o f  a n i c k e l  specimen o f  
i d e n t i c a l  shape t o  the RSI specimen. 
+ +  + 
The i n t e n s i t i e s  o f  0 , O,, and 0, ( r e l a t i v e  t o  the  A r +  i n t e n s i t y )  
are summarized i n  Table 8 f o r  RSI and n i c k e l  specimens. The atomic oxygen 
concentrat ion i n  the f l o w  from the discharge can be c a l c u l a t e d  f r o m  t h e s e  
data i n  t w o  ways. F i r s t ,  the  17% increase i n  0, s igna l  upon loss  o f  the 
0-atoms as the  sample i s  i n s e r t e d  ind ica tes  t h a t  the  i n i t i a l  0-atom con- 
c e n t r a t i o n  was 34% o f  the  0, concentrat ion.  The second method f o r  c a l -  
c u l a t i n g  0-atom concentrat ions i s  t o  use the  measured O : O ,  i n t e n s i t y  r a t i o .  
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Figure 13 - Oxygen Atom I o n  I n t e n s i t y  Versus R S I  Specimen 
P o s i t i o n  i n  MBMS Experiment a t  P = 130 Pa 
(1 t o r r )  
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Figure  14 - Oxygen Atom I o n  I n t e n s i t y  Versus R S I  Specimen P o s i t i o n  
i n  MBMS Experiment a t  P = 400 Pa ( 3  t o r r )  
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Figure  15  - Oxygen Molecular I o n  I n t e n s i t y  Versus R S I  Specimen P o s i t i o n  
i n  MBMS Experiment a t  P = 400 Pa (3 t o r r )  
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F igu re  1 6  - Ozone I o n  I n t e n s i t y  Versus RSI Specimen P o s i t i o n  
i n  MBMS Experiment a t  P = 400 Pa (3 t o r r )  
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Figure 17 - Oxygen Atom Ion I n t e n s i t y  Versus Nickel Specimen Posi t ion 
i n  MBMS Experiment a t  P = 400 Pa (3 t o r r )  
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This r a t i o  was cor rec ted  f o r  experimental i o n i z a t i o n  cross  section^'^ and 
measured mass f i l t e r  t ransmissions and m u l t i p l i e r  e f f i c i e n c i e s .  A correc- 
t i o n  f o r  mass d i s c r i m i n a t i o n  i n  the molecular beam was a l s o  required. This 
was made assuming a f u l l y  developed f r e e - j e t  expansion and us ing the mass 
separat ion c o r r e c t i o n  given by Greene e t  a1.20 The oxygen atom concentra- 
t i o n  obtained by t h i s  procedure was 0.29 o f  the  0, concentrat ion,  i n  good 
agreement w i t h  t h a t  obtained by the f i r s t  method. 
TABLE 8 
RELATIVE INTENSITIES FOR OXYGEN SPECIES 
0 03 - - Species 02 - 
Sample withdrawn 1.000 0.120 2.2 x 10-4 
Sample inser ted:  
R S I ,  300K 1.17 0.00 8.9 x 1014 
Nicke l ,  300K 1.17 0.00 2.8 x 10 
R S I ,  900K 1.17 0.00 0.00 
N icke l ,  1200K 1.17 0.00 0.00 
+ 
The concentrat ion o f  ozone was c a l c u l a t e d  from the  0, i n t e n s i t y  
+ 
r e l a t i v e  t o  0, us ing the  second method described above. 
t h e  f ragmentat ion o f  0, was made us ing the data o f  Anderson and Mauersberger.21 
The r e s u l t i n g  ozone concentrat ions,  together  w i t h  the  oxygen atom concentra- 
t i o n s  are  summarized i n  Table 9. It can be seen t h a t  the  concen t ra t i on  o f  
ozone was found t o  be very smal l .  This does n o t  d i r e c t l y  demonstrate (as 
discussed l a t e r )  t h a t  ozone product ion cont r ibu tes  n e g l i g i b l y  t o  the  mass 
and energy balances f o r  O-atom loss on R S I  and n i c k e l .  
The c o r r e c t i o n  f o r  
I 
I 
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TABLE 9 
RELATIVE CONCENTRATIONS OF OXYGEN SPECIES 
Species 0 
Sample withdrawn 1.000 0.29 1.9 x 10 
Sample inser ted:  
R S I ,  300K 1.17 0 7.4 x 1014 
Nicke l ,  300K 1.17 0 2.4 x 10 
R S I ,  900K 1.17 0 0 
N icke l ,  1200K 1.17 0 0 
V. DISCUSSION AND CONCLUSIONS 
A .  LIF Experiments 
When consider ing t h e  i n a b i l i t y  t o  de tec t  e l e c t r o n i c a l l y  e x c i t e d  
0, v i a  LIF, there  are several  factors  t h a t  are important.  Most o f  t h e  
e l e c t r o n i c  t r a n s i t i o n s  among t h e  low l y i n g  s ta tes  are forb idden by symmetry 
considerat ions.  Furthermore, as shown i n  F igure 1, there  i s  a s h i f t  o f  0 .3  
t o  0.4 angstrom i n  t h e  i n t e r n u c l e a r  d is tance a t  the  bottom o f  the  p o t e n t i a l  
w e l l s  between t h e  low l y i n g  X,  a, and b s ta tes  (below 2 ev) and t h e  h igher  
l y i n g  c,  C ,  A ,  and B s ta tes  ( a t  4 t o  6.2 ev). Many o f  the  e l e c t r o n i c  t r a n s i -  
t i o n s  o f  i n t e r e s t  f o r  l a s e r  e x c i t a t i o n  and f o r  f luorescence i n v o l v e d  one 
l e v e l  i n  the  lower group and one l e v e l  i n  the  h igher  group. The s h i f t  i n  
t h e  p o t e n t i a l  w e l l s  r e s u l t s  i n  low values f o r  the  Franck-Condon f a c t o r s .  
Th is ,  coupled w i t h  the  symmetry problems, leads t o  very small  t r a n s i t i o n  
s t rengths.  Also, quenching becomes an impor tant  nonrad ia t i ve  l o s s  process. 
The l a s e r  i n t e n s i t y  was n o t  s u f f i c i e n t  t o  e x c i t e  a l a r g e  f r a c t i o n  
of t h e  a v a i l a b l e  species f o r  many o f  t h e  t r a n s i t i o n s  t h a t  were inves t iga ted .  
It i s  c l e a r ,  i n  f a c t ,  t h a t  de tec t ion  of v i b r a t i o n a l l y  e x c i t e d  0, would n o t  
be poss ib le  by L I F  from t h e  A-state even if the A + X t r a n s i t i o n  could be 
45 
saturated. Consider, f o r  example, e x c i t a t i o n  t o  A(v=2) f o r  which the  r a t e  
constant f o r  0, quenching i s  r e l a t i v e l y  small .  The A- fac tor  f o r  t h i s  s t a t e  
i s  about 6 s - l .  
per  l a s e r  pulse,  would be achieved o n l y  i f  t h e  popu la t ion  o f  the  p a r t i c u l a r  
r o v i b r o n i c  s t a t e  t o  be detected exceeds about 4 x o f  t h e  t o t a l  0, con- 
cent ra t ion .  With, say, 0.03 o f  the  molecules i n  a given v i b r a t i o n a l  l e v e l  
t h a t  are i n  a g iven r o t a t i o n a l  s ta te ,  we need a t  l e a s t  lom3 o f  the  molecules 
i n  t h e  v i b r a t i o n a l  s t a t e  o f  i n t e r e s t .  Table 6 shows t h a t  t h i s  p o s s i b i l i t y  
does n o t  s i g n i f i c a n t l y  enhance the  demonstrated a b i l i t y  t o  d e t e c t  v ib ra-  
t i o n a l l y  e x c i t e d  0, v i a  L I F  from the  B-state. 
It f o l l o w s  t h a t  t h e  minimum detectable s igna l ,  5 photons 
The minimum concentrat ion o f  0, molecules t h a t  can be detected by 
Much b e t t e r  s e n s i t i v i t y  was achieved f o r  NO L I F  was there fore  q u i t e  large.  
molecules, and would a lso  be poss ib le  v i a  2- laser  L I F  techniques f o r  N, 
mol ecul es. 
The h igh  quenching r a t e s  t h a t  have been demonstrated f o r  the  0, A 
and c s ta tes  ( c . f .  Table 7) mean t h a t  molecules t h a t  may be produced i n  
these s ta tes  by heterogeneous recombination on space v e h i c l e  TPS mater ia ls  
would be quenched a f t e r  o n l y  a few c o l l i s i o n s  w i t h  o ther  gas phase molecules. 
Consider, f o r  example, the  f a t e  o f  A-state molecules i n  a space v e h i c l e  r e -  
e n t r y  environment i n  which oxygen i s  f u l l y  d issoc ia ted  a t  a s tagnat ion p o i n t  
a i r  pressure o f  30 t o r r  and a t  a space veh ic le  surface temperature o f  1500K. 
The O-atom concentrat ion would then be ca. 6.4 x 10l6 cm 
not dissociated), and the quenching rate o f  the 0, A-state molecules by 
O-atoms would be about 6 x l o 5  s - l .  The A-state molecules would then be 
quenched w i t h i n  a d is tance less  than 0 .01  cm from t h e  surface on which they 
were formed. This  i s  n o t  t o  say t h a t  t h e  energy o f  these molecules would 
be released by quenching, f o r  t h e  quenched products may a lso  be e x c i t e d  
molecules, e.g., v i b r a t i o n a l l y  e x c i t e d  ground s t a t e  molecules. 
- 
(assuming N, i s  
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B. F i e l d  I o n i z a t i o n  Experiments 
I t was apparent from the  f i e l d  i o n i z a t i o n  experiments t h a t  e lec t rons  
from t h e  discharge were c o l l e c t e d  by the  f i e l d  i o n i z a t i o n  apparatus a t  lower 
values of the  app l ied  vol tage. A t  h igh  f i e l d s ,  the  negat ive p o t e n t i a l  on 
t h e  r i n g  e lec t rode o f  the  f i e l d  i o n i z e r  suppresses f l o w  o f  e lec t rons  t o  the 
f i e l d  i o n i z a t i o n  t i p  and c u r r e n t  c o l l e c t i n g  leads, which were a t  ground 
p o t e n t i a l  i n  the  apparatus. 
The cur ren ts  measured a t  h igh  values o f  t h e  app l ied  vo l tage were 
l a r g e r  w i t h  t h e  discharge o f f  than w i t h  i t  on, and a lso  increased when the  
atom f l o w  from t h e  discharge was removed by i n s e r t i n g  a n i c k e l  c a t a l y s t  
c o i l  i n t o  t h e  f low. 
dominant new species d e l i v e r e d  t o  the  f i e l d  i o n i z a t i o n  t i p  when t h e  d i s -  
charge was turned on. The i o n i z a t i o n  energies o f  r e l e v a n t  species are: 
These r e s u l t s  i n d i c a t e  t h a t  oxygen atoms were the  pre- 
+ 
Ground s t a t e  0, (, ): 
S i n g l e t  d e l t a  0, (lg): 
12.98 ev 
11 ev 
Ground s t a t e  0-atoms (3P) 13.6 ev 
Thus the  e f f e c t  o f  p a r t i a l  d i s s o c i a t i o n  o f  0, i n  the  discharge was t o  reduce 
the  f i e l d  i o n  cur ren ts  because the  i o n i z a t i o n  energy o f  t h e  added atomic 
oxygen i s  g rea ter  than t h a t  o f  t h e  0, molecules t h a t  were removed. 
C. 
RS I 
MBMS Experiments 
Only small  f r a c t i o n s  o f  t h e  0-atoms t h a t  a re  l o s t  a t  n i c k e l  and 
c a t a l y s t  surfaces appear as 0, i n  the  gas sampled by the  MBMS o r i f i c e .  
This  does n o t  prov ide conclus ive p r o o f  t h a t  ozone i s  a n e g l i g i b l e  d i r e c t  
product  o f  heterogeneous 0-atom reac t ion ,  as w i l l  be discussed below. I n  
any case, MBMS observat ion o f  ozone format ion on c a t a l y s t s  has been demon- 
s t r a t e d  f o r  the  f i r s t  t ime. Ozone i s  an e a s i l y  observed species f o r  which 
more d e t a i l e d  MBMS i n v e s t i g a t i o n s  o f  i t s  heterogeneous reac t ions  are  pos- 
s i b l e .  A deeper understanding o f  the  k i n e t i c s  and mechanisms o f  0-atom 
reac t ions  a t  surfaces may thus be obtained. 
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It i s  ev ident  t h a t  the  surface-catalyzed r e a c t i o n  r a t e s  were con- 
t r o l l e d  by the  r a t e  o f  0-atom d i f f u s i o n  t o  the  c a t a l y s t .  I n  a l l  cases, t h e  
measured concentrat ion o f  0-atoms was reduced t o  l e s s  than h a l f  i t s  value 
i n  the  f l o w  from the  discharge before t h e  c a t a l y s t  mater ia l  in te rcepted  the 
f l o w  sampled by t h e  MBMS o r i f i c e .  The 0-atom concentrat ion j u s t  a t  the  
c a t a l y s t  surface would be even smal ler  because the  measured concentrat ion 
r e f l e c t s  mix ing w i t h  h igher  concentrat ion gas i n  t h e  d is tance between the  
c a t a l y s t  and MBMS o r i f i c e .  
The product  d i s t r i b u t i o n s  t h a t  were observed may n o t  be pr imary 
product  d i s t r i b u t i o n s  f o r  0-atom loss.  Suppose, f o r  example, t h a t  ozone i s  
formed by sur face cata lyzed 0 + 0, r e a c t i o n  and l o s t  by surface cata lyzed 
0 + 0, reac t ion .  The measured product d i s t r i b u t i o n  would then depend on 
the  r a t e s  o f  ozone d i f f u s i o n  i n t o  the  ambient gas and o f  ozone loss  by the 
heterogeneous react ion.  A f a s t  ozone loss  r e a c t i o n  cou ld  thus have given 
the h igh  temperature r e s u l t s  even i f  ozone was a major pr imary product o f  
0-atom loss.  That i s ,  when both ozone format ion and d e s t r u c t i o n  are f a s t ,  
l o c a l  thermodynamic e q u i l i b r i u m  ( i .e . ,  no ozone) w i l l  be achieved a t  the  
c a t a l y s t  surface. Therefore, t h e  r e s u l t s  do n o t  e l i m i n a t e  ozone format ion 
as a s i g n i f i c a n t  c o n t r i b u t o r  t o  the small  energy accommodation c o e f f i c i e n t s  
f o r  0-atom l o s s  t h a t  have been measured on n icke l13  and i n f e r r e d  f o r  R S I .  
Ca lcu la t ions  o f  atom loss  p r o b a b i l i t i e s  from t h e  MBMS r e s u l t s  were 
n o t  attempted because (1) an accurate model o f  mass t r a n s p o r t  and mix ing i n  
the  experiments was n o t  a v a i l a b l e  and (2) the  0-atom concentrat ions t h a t  
were measured were e v i d e n t l y  more s e n s i t i v e  t o  d i f f u s i o n  than heterogeneous 
r e a c t i o n  ra tes .  
Improved s e n s i t i v i t y  t o  the  i n t r i n s i c  product  d i s t r i b u t i o n  would 
bes t  be obtained i f  the  MBMS o r i f i c e  sampled gas a t  the  c a t a l y s t  surface. 
This cou ld  be done by forming t h e  MBMS o r i f i c e  from the  c a t a l y s t  o f  i n t e r e s t  
as i l l u s t r a t e d  i n  F igure 18. The technique has been success fu l l y  used by 
Greene e t  a l .  ,22’23 f o r  o ther  types o f  experiments b u t  was n o t  attempted 
here due t o  t h e  est imated cos t  and t ime requ i red  t o  r e l o c a t e  l a s e r  and/or 
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Pump 
B 
MBMS 
SIDE VIEW 
Figure 18 - Schematic Diagram o f  Method f o r  MBMS Measurement o f  
I n t r i n s i c  Product D i s t r i b u t i o n s  and K i n e t i c s  f o r  
Surface Catalyzed Reactions i n  Dissoc iated A i r .  
A - CW CO, l a s e r  beam and co-ax ia l  d issoc ia ted  
gas f low;  B - vacuum w a l l  o f  apparatus; C - 
c a t a l y s t  mater ia l  mounted on MBMS sampling 
o r i f  i ce .  
49 
MBMS equipment. The c a t a l y s t  would be at tached t o  the  MBMS o r i f i c e  and 
heated by a CW CO, l a s e r  beam t h a t  i s  co-ax ia l  w i t h  the  d issoc ia ted  gas 
f low. D i f f u s i o n  l i m i t a t i o n s  on the  0-atom concentrat ion a t  the  c a t a l y s t  
surface would s t i l l  occur unless the  pressure was q u i t e  small .  However, 0, 
0, and 0, concentrat ions would be measured j u s t  a t  the  surface t o  o b t a i n  
i n t r i n s i c  product  d i s t r i b u t i o n s .  
MBMS study o f  surface cata lyzed 0, format ion from 0 + 0, mix tures 
cou ld  be e a s i l y  extended t o  t h e  study o f  N,O format ion i n  p a r t i a l l y  d i s -  
soc iated a i r .  
charge equipment f o r  b e t t e r  s imu la t ion  o f  space v e h i c l e  re -en t ry  environments 
than was achieved w i t h  t h e  microwave and i n d u c t i v e l y  coupled RF discharge 
f l o w  reac tors  used i n  t h i s  work. 
o f  ozone and n i t r o u s  oxide on the  heat ing r a t e s  f o r  TPS mater ia ls  dur ing  
space v e h i c l e  e n t r y  o f  the  atmosphere may thus be establ ished. 
It would a lso  be h e l p f u l  t o  incorporate a rc  j e t  o r  o ther  d i s -  
The in f luence o f  surface-catalyzed format ion 
V I .  RECOMMENDATIONS FOR FUTURE WORK 
A major emphasis i n  these s tud ies was on experiments u t i l i z i n g  
1 aser-induced f 1 uorescence. A1 though some usefu l  data were obtained, the  
s e n s i t i v i t y  w i t h  which e x c i t e d  oxygen molecules could be detected by LIF 
proved t o  be too  small under cond i t ions  f o r  which the  k i n e t i c s  o f  hetero- 
geneous 0-atom reac t ions  could be studied. An a l t e r n a t i v e  technique, 
molecular beam mass spectrometry (MBMS), was shown i n  l i m i t e d  experiments 
t o  be r e a d i l y  adaptable t o  the  measurement o f  t h e  0-atom l o s s  and deter-  
mina t ion  o f  species produced by atom recombination. 
experimental c o n f i g u r a t i o n  shown i n  F igure 18 should p rov ide  d e f i n i t i v e  
data on atom recombination and other  phenomena which take p lace a t  the  
gas-surface i n t e r f a c e  under space v e h i c l e  re -en t ry  condi t ions.  I n  addi-  
t i o n ,  t h i s  experiment should be suscept ib le  t o  t h e o r e t i c a l  ana lys is ;  and 
would a l l o w  values f o r  the  atom recombination c o e f f i c i e n t ,  y ,  t o  be der ived  
from t h e  r e s u l t s .  
The use o f  MBMS i n  the  
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It i s  t h e r e f o r e  recommended t h a t  a more extens ive ser ies  o f  MBMS 
experiments, us ing the  "surface-sampl ing"  technique o f  F igure 18, be car-  
r i e d  o u t  t o  e l u c i d a t e  atom recombination and other  phenomena which occur a t  
r e l e v a n t  surfaces under re -en t ry  condi t ions.  Such s tud ies  should be ex- 
tended t o  inc lude a l l  species, s ince N,O o r  o ther  molecules o r  f r e e  r a d i -  
c a l s  cou ld  be impor tant  i n  energy t r a n s f e r .  
data and accommodation c o e f f i c i e n t s ,  appearance p o t e n t i a l  measurements 
cou ld  be u t i  1 i zed t o  de f  i n i  ti v e l y  de tec t  the  presence o f  any s i  gn i  f i c a n t  
concentrat ion o f  e x c i t e d  species. The r e s u l t s  o f  cont inued experiments 
should thus prov ide  h i t h e r t o  unavai 1 ab1 e i nformat i  on about re -en t ry  
processes. 
I n  a d d i t i o n  t o  these "chemical" 
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